Introduction: Lung screening is an opportunity for smoking cessation and relapse prevention, but smoking behaviors may differ across screening results. Changes in smoking were evaluated among 18 840 current and former smokers aged 55-74 scheduled to receive three annual lung screenings. Methods: Participants were randomized to low-dose computed tomography or single-view chest radiography in the American College of Radiology/National Lung Screening Trial. Outcome measures included point and sustained (6-month) abstinence and motivation to quit among smokers; and relapse among smokers who quit during follow-up, recent quitters (quit < 6 months), and longterm former smokers (quit ≥ 6 months). Results: During five years of follow-up, annual point prevalence quit rates ranged from 11.6%-13.4%; 48% of current smokers reported a quit attempt and 7% of long-term former smokers relapsed. Any false positive screening result was associated with subsequent increased point (multivariable hazard ratio HR = 1.23, 95% CI = 1.13, 1.35) and sustained (HR = 1.28, 95% CI = 1.15, 1.43) abstinence among smokers. Recent quitters with ≥1 false positive screen were less likely to relapse (HR = 0.72, 95% CI = 0.54, 0.96). Screening result was not associated with relapse among long-term former smokers or among baseline smokers who quit during follow-up. Conclusions: A false positive screen was associated with increased smoking cessation and less relapse among recent quitters. Consistently negative screens were not associated with greater relapse among long-term former smokers. Given the Affordable Care Act requires most health plans to cover smoking cessation and lung screening, the impact and cost-effectiveness of lung screening could be further enhanced with the addition of smoking cessation interventions.
Introduction
Lung cancer is the leading cause of cancer death in the United States for men and women with most cases diagnosed at later stages and 5-year survival rates of only 16%. 1 In 2011, the National Lung Screening Trial (NLST) reported a lung cancer mortality reduction of 20% for high-risk current and former smokers screened with low-dose computed tomography (LDCT) as opposed to chest x-ray (CXR). 2 Seven organizations, including the US Preventive Task Force, have since issued recommendations for high risk individuals to undergo annual lung cancer screening. [3] [4] [5] [6] [7] [8] [9] It is estimated that 8 million people in the United States meet high risk criteria, and lung screening could prevent 4000 deaths annually. 4 Simulation models indicate that the cost effectiveness of lung screening programs will be influenced by the smoking cessation rates among participants, 10 and all recommendations for screening have specified that screening programs incorporate a smoking cessation component. [3] [4] [5] [6] [7] [8] [9] The relation between lung screening and smoking behaviors may differ based on smoking status at the time of the exam and the screening result. There is the potential for an iatrogenic effect of reassurance from negative screens, 4 which may reduce motivation to quit or lead to resumption of smoking. Since the vast majority of screens will be negative (>75% for LDCT and >90% for CXR), 2 their iatrogenic effect on smoking behavior may undermine the net benefits of screening and/or may not be offset by minimal smoking cessation counseling. On the other hand, a positive screen may increase motivation to quit or to remain abstinent. These potentially contrasting relations are particularly important for older adults targeted for lung screening, who have lengthy smoking histories, 11 are less likely to try to quit, but more likely to succeed when doing so. 12 Beneficial changes in smoking behaviors have been documented for current and former smokers who received a positive versus negative lung screening result in studies with follow-up of 3 years or less. [13] [14] [15] [16] Four randomized controlled trials of lung cancer screening have also reported smoking outcomes. All four trials found no differences in smoking cessation or relapse when comparing LDCT to no screening 17, 18 or CXR to usual care. 19, 20 However, there were inconsistent findings for the relation between screening result and smoking behaviors. The Danish Lung Cancer Screening trial reported higher rates of smoking cessation and relapse prevention among participants with a positive versus negative screen, 17 while screening result was not associated with changes in smoking behaviors in the Dutch-Belgium trial 21 or the Prostate, Lung, Colorectal, and Ovarian Cancer Screening trial. 19 Increasing motivation to quit is an important intermediary step in the cessation process. To date, only Taylor and colleagues 15 have included motivation to quit as an outcome when assessing the relation between screening status and smoking outcomes.
In a recent analysis, Tammemägi and colleagues 22 reported on results from smokers enrolled in the Lung Screening Study component of the NLST. They found that among baseline smokers, smoking cessation (ie, point abstinence) was associated with an abnormal screen result. The current study using data from the American College of Radiology Imaging Network (ACRIN) component of the NLST built on these findings by (1) assessing cessation outcomes beyond point abstinence to include sustained (6-month) abstinence as well as motivation to quit among baseline smokers and (2) examining relapse during the study among recently quit, long-term former smokers, and baseline smokers who quit. Specifically, among all ACRIN/NLST former and current smokers, we examined: (1) fiveyear follow-up rates of quitting and relapse; (2) the relation between screening result and quitting and relapse behaviors, and (3) the relation between screening and current smokers' motivation to quit.
Materials and Methods

Study Population
The NLST was a multi-institutional trial, described in detail elsewhere 23, 24 and included the Lung Screening Study and ACRIN components. The effort was funded by the National Cancer Institute (NCI) Cancer Imaging Program, Division of Cancer Treatment and Diagnosis and the Division of Cancer Prevention. ACRIN was responsible for 18 840 of the 53 452 participants at 23 sites. The present study includes participants from the ACRIN sites, which collected extensive smoking measures.
Eligible participants were 55 to 74 years of age at the time of randomization with no lung cancer diagnosis during the course of the study, had a history of cigarette smoking of at least 30 packyears, and, if a former smoker, had quit within the previous 15 years. Participants were randomly assigned to receive three screenings with LDCT or CXR, and current smokers were offered written information about smoking cessation. Participants were excluded from our analyses if they received a lung cancer diagnosis during the trial because a malignant diagnosis has been associated with high rates of smoking cessation and low rates of relapse.
25-27
Data Collection
Participants were enrolled between August 2002 and April 2004. They completed a questionnaire on smoking history before randomization and prior to the first screening examination, and were asked to complete questionnaires about current smoking every 6 months through 2008. In 2009, the questionnaire was shortened and did not collect sufficient information to determine 6-month abstinence. Therefore, participants in the study at that date were censored 5.5 years from study enrollment or at December 31, 2008, whichever was first. All forms are located at www.acrin.org/Default. aspx?tabid=282. The study was approved by each institution's Institutional Review Board.
At baseline, participants who answered yes to, "Do you smoke cigarettes now?" were classified as current smokers. Participants who reported having their last cigarette at least 6 months before randomization were classified as long-term former smokers. Those who quit within 6 months of randomization were classified as recent quitters.
Outcomes
At each follow-up, participants were asked, "In the past six (6) months, have you smoked any cigarettes?" and if yes, "Do you NOW smoke cigarettes (one or more cigarettes per week)?" Among baseline smokers, abstinence at follow-up was based on self-reported smoking status on the day of questionnaire administration.
Point prevalence abstinence was defined as the first report by a participant of not currently smoking, and sustained abstinence was defined as no cigarettes smoked in the past 6 months. Among baseline former smokers, relapse was defined as a report of smoking (current or in the past 6 months) at any follow-up. To determine when smoking status changed, date of follow-up form submission was used as the date of abstinence or relapse. Time to quit for current smokers and time to relapse for former smokers were calculated as the length of time from enrollment until the first self-reported abstinence or relapse. Participants who died during the study or were lost to follow-up were censored at their last smoking assessment. Participants were censored at the end of the study if they did not report a change in smoking status during the study period.
Motivation to quit (10-point scale from "I enjoy smoking so much I will never consider quitting" to "I have quit and I am 100% confident that I will never smoke again") 28 was assessed at baseline and at each follow-up.
Screening Result
We considered screening result as a time-dependent covariate. This variable took the value of the result at the first screening (T0) (false positive/negative) until the next screening, at which time the value of the result from the T1 screening (false positive/negative) was assumed. Similarly, the variable retained the value of the T1 screening until the final screening (T2). After the T2 screening, the variable retained the value of the T2 screening until the participant was lost to follow-up, died, or was censored at the end of the trial. Because all individuals diagnosed with lung cancer were excluded from the analyses, all positive screens were false positives. In total, 97% of the false positives had at least one year of follow-up.
Covariates
Demographics included age, gender, race, education, and marital status. Smoking history included age of smoking onset, age of stopping smoking (former smokers only), and cigarettes smoked per day when smoking the most. Nicotine addiction was assessed using the Fagerström Test for Nicotine Dependence. 29 Health history items included personal history of any cancer, personal history of any one of 15 smoking-related diseases, and family history of lung cancer.
Statistical Methods
Differences in baseline characteristics between current smokers, recent quitters, and long-term former smokers were analyzed using Pearson's chi-square tests for nominal or categorical variables and analysis of variance for continuous variables. Time-dependent Cox proportional hazards models were used to evaluate the effect of screening result on the time until a current smoker quit or until a former smoker relapsed, controlling for study arm, smoking history, health history, age, gender, race, education, and marital status. To supplement analyses about the relation between a false positive screen and smoking behaviors, we also calculated crude event rates for the year following the screening exam, stratified by screening outcomes. That is, we calculated the ratio of the number of people who had the event during the year following the screen to the number of people at risk of the event at the screen. Finally, a linear regression model was computed to evaluate the association between screening result and change from baseline to next screen in motivation to quit among current smokers with no quit attempts during the study period, controlling for baseline motivation to quit.
Results
Of 18 840 participants enrolled in ACRIN, we excluded 774 (4.1%) diagnosed with lung cancer during the trial, 1090 (5.8%) who did not complete follow-up forms annually and were missing information about smoking, and 12 (<0.1%) who reported a change in smoking status before screening (Figure 1 ). Of the 16 964 remaining participants, 8358 (49.3%) were current smokers at the time of randomization, 7820 (46.1%) were long-term former smokers, and 786 (4.6%) were recent quitters. Study participants had a total of 82 031 person years of follow-up (median = 5.0 years; range = 0.0-5.5 years) and their characteristics are shown in Table 1 .
Cessation Among Baseline Smokers
Among current smokers at baseline (8358/16 964; 49.3%), the probability of at least one quit attempt (eg, point abstinence) by the end of the 5-year follow-up was 48.0% (95% confidence interval [CI] = 46.8, 49.2). At the end of 5 years of follow-up, the probability of smokers reporting a 6-month period of sustained abstinence was 33.8% (95% CI = 32.7, 34.9); annual rates are shown in Table 2 .
Effect of Screening Result on Cessation Among Baseline Smokers
A false positive screening result was associated with an increased likelihood of both point (multivariable hazard ratio [HR] = 1.23, 95% CI = 1.13, 1.35; Figure 2a ) and 6-month sustained (HR=1.28, 95% CI = 1.15, 1.43; Figure 2b ) abstinence. The proportion of smokers who quit in the year after their first false positive screen was 15.9% (n = 1869) compared to 12.7% (n = 723) of smokers who quit in the year after a second false positive screen (χ 2 = 4.2, P = .04). Individuals with at least two false positive screens were not more likely than those with zero or one false positive screen to make a cessation attempt (for additional details regarding crude abstinence rates in the year following a screening exam by screening results, please see Supplementary Figure A1 , a-f). There were no differences by study arm (LDCT vs. CXR) for point (HR =1.07, 95% CI = 1.00, 1.15) or sustained (HR =1.05, 95% CI = 0.98, 1.14) abstinence after accounting for screening result and other covariates.
Motivation to Quit Among Current Smokers
Among current smokers with no quit attempts during the study period (4413/16 964; 26.0%), a false positive baseline screen (β = 0.17, SE = 0.06, t = 2.87, P = .004) and randomization to LDCT versus CXR (β = 0.13, SE = 0.04, t = 3.11, P = .002) were associated with an increase in motivation to quit, controlling for baseline motivation and other covariates.
Relapse Among Former Smokers
Among recent quitters at baseline (786/16 964; 4.6%), the proportion who relapsed by the end of the 5-year follow-up was 65.5% (95% CI = 62.1, 68.9), with most relapse occurring in the first 2 years. Annual rates of relapse are shown in Table 2 . The proportion of long-term former smokers who relapsed by the end of the 5-year follow-up was 7.3% (95% CI = 6.7, 7.9). Among baseline smokers who quit for at least 6 months during follow-up, 41.0% (95% CI = 38.5, 43.6) relapsed by the end of the 5-year follow-up.
Effect of Screening Result on Relapse Among Former Smokers
Recent quitters with any false positive screen were less likely to relapse than those with a negative screen (HR = 0.72, 95% CI = 0.54, 0.96; Figure 2c ). The proportion of recent quitters who relapsed after a first false positive screen was 40.8% (n = 120) compared to 10.8% (n = 37) who relapsed after a second false positive screen (χ 2 = 11.4, P = .001). The number of false positive screens was not associated with relapse among recent quitters (For additional details regarding crude relapse rates among recent quitters in the year following a screening exam by screening results, please see Supplementary Figure A1, g-i) .
Among long-term former smokers (7820/16 964; 46.0%), any false positive screen was not associated with relapse (HR = 1.11, 95% CI = 0.87, 1.43; see also Figure 2d ). The number of false positive screens also was not associated with relapse among long-term former smokers (For additional details regarding crude abstinence rates in the year following a screening exam by screening results, please see Supplementary Figure A1 , j-l).
Among baseline smokers who quit during the 5 years of followup (3945/16 964; 23.2%), screening result was not associated with relapse (HR = 1.00, 95% CI = 0.82, 1.21; data not shown). Study arm was also not associated with relapse among any type of former smoker after accounting for other variables in the models.
For the full multivariable proportional hazards models of the likelihood of each smoking outcome, please see Supplementary Table  A1 .
Comment
Our findings demonstrated that lung screening was associated with increased smoking cessation and decreased relapse with no apparent iatrogenic effect of negative screen results. Although referrals to smoking cessation were offered, the NLST included no formal cessation component, such as those recommended by the updated Public Health Service clinical guidelines for treating tobacco use and dependence. 30, 31 However, almost half (48%) of baseline smokers reported at least one quit attempt with annual quit attempt rates of 11%-13% during the 5 years of follow-up. This is consistent with the smoking cessation results presented from the Lung Screening Study component of the NLST. Our findings also indicate that one-third (34%) of participants reported at least six months with no smoking (sustained abstinence) with annual rates of 4%-10%. Although direct comparisons cannot be made because of differences in definitions of abstinence, general population surveys of comparably-aged individuals have found annual sustained abstinence rates of about 5%. 12 Therefore, our findings are particularly noteworthy because they are from a large study of high risk smokers (eg, history of cigarette smoking of at least 30 pack-years) enrolled in a lung screening trial. Further, the findings contribute to the limited literature about the relation between lung screening and longer term smoking behaviors beyond 3 years of follow-up. 19, 22, 32 Adding evidence-based smoking cessation treatments (eg, brief cessation advice by health-care providers; individual, group, and telephone counseling; and cessation medications) to lung screening could yield annual cessation rates as high as 20%-30%. 30, 31 This could potentially save even more lives than screening alone by combining the detection of early and premalignant lesions for which there are available therapies with the delivery of efficacious smoking cessation treatments during a time when individuals may be most receptive to behavior change. 15, 33 This is particularly important because as of January 1, 2015, the Patient Protection and Affordable Care Act requires that most health insurance plans cover tobacco cessation interventions as well as lung screening for high-risk individuals, including long-term, heavy smokers. 34 Although initially increasing up-front costs, the boost in cessation due to the combination of screening and effective smoking cessation treatments may also reduce costs for annual lung screening below the $75 000 per quality-adjusted life year estimated by McMahon et al. 10 This would lead to dramatic savings in annual lung screening relative to the costs of $126 000-$169 000 per quality-adjusted life year projected by McMahon et al. 10 for annual screenings of current and former smokers aged 50-75 when compared to no screening and assuming general population quit rates. For example, Villanti and colleagues 35 estimated the cost-utility of annual, LDCT screenings over 15 years in a cohort of adults 50-64 years with at least a 30 pack-year smoking history. In the base case, the cost-utility ratio was $28 240 per quality-adjusted life year. Adding smoking cessation to annual screenings resulted in cost-utility ratios ranging from $16 198-$23 185 per quality-adjusted life year depending on the intensity of the smoking cessation treatment used. Therefore, effective smoking cessation treatments coupled with screening would make cost effectiveness estimates for lung cancer screening more comparable to those of other population-based cancer screening programs (ie, colorectal and breast screening). 10, 35 A false positive screen was associated with higher point and sustained abstinence and is consistent with results presented by Tammemägi et al. 22 Individuals were most likely to make a cessation attempt after their first false positive screen. This is particularly noteworthy because all positive screens in these analyses were false positives. Therefore, individuals were ultimately told that they did not have a lung cancer. Furthermore, more than one false positive screening did not have a greater association with cessation than a single false positive screen, suggesting that the first communication of an abnormal screen result provides the most important trigger for motivating a cessation attempt. This is also one of a limited numbers of studies to document that a false positive screen was associated with an increase in readiness to quit smoking among baseline smokers with no quit attempts during the study period prior to the false positive result. A false positive screen may stimulate an increase in motivation to quit even if a smoker is not yet prepared to make a quit attempt. Providing more intensive cessation counseling and resources at the time of a false positive screen may build on changes in motivation and translate to greater numbers of quit attempts and ultimately improved cessation rates.
Results from this study also suggest that participation in lung screening does not promote relapse among former smokers and may provide increased motivation for continued abstinence among high-risk former smokers. Only 7% of long-term former smokers at baseline relapsed during the 5-year study period. Relapse rates among baseline recent quitters and baseline smokers who quit for at least 6 months during the study period were 65% and 41%, respectively. These rates are comparable to relapse rates among former smokers in the general population 36 and to the results of other lung screening trials with more than two years of follow-up. 16, 32 At least one false positive screening result was associated with lower likelihood of relapse among recent quitters, and a negative result was not associated with relapse among long-term former smokers or among smokers at baseline who quit during the study follow-up. Finally, we found no evidence that three consistently negative screening results were associated with relapse among former smokers. More data are needed to determine whether relapse rates among the majority of former smokers with negative screens would be comparable to those of individuals with false positive results if relapse prevention counseling was added to screening programs. Although there were more false positive test results among individuals screened with the LDCT than CXR, 2 there were no differences in smoking outcomes by study arm after accounting for screening result. Because the majority of positive screens are false positives regardless of screening type, individuals may habituate to a positive result after their first experience with a false positive result.
This study has limitations. First, the applicability of the findings to other populations of current and former smokers may be limited. Individuals participating in a randomized trial of lung screening may differ from those screened in the general population. Participants were also more likely to identify as white race and to have more education than other general population samples of comparablyaged smokers. 37, 38 Second, there was imprecision in the estimation of abstinence and relapse because participants were asked for their smoking status at each 6-month assessment interval rather than actual dates of changes in smoking status. Third, smoking data were based on self-administered questionnaires without biochemical verification. Some participants may have misreported smoking status; however, prior studies using biochemical verification suggest that self-reported smoking status among participants in lung screening trials is valid 39, 40 and it is unlikely that social desirability bias would differ according to study arm or screening result.
Conclusion
Lung screening yields increases in smoking cessation, relapse prevention, and motivation for quitting that have important implications for population health. Adding proven and cost effective smoking cessation interventions, beyond the limited information provided in the NLST, could greatly enhance the impact of lung screening. 10 Smoking cessation resources targeted to current smokers and recent quitters can complement the "teachable moment" when screening results are provided to patients. Methods for the optimal integration of evidence-based smoking cessation with lung screening remain an important area for future research, practice and policy and would improve the cost-effectiveness of screening when integrated into the health care delivery system and the Patient Protection and Affordable Care Act. 10, 40, 41 
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